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Chapter 1

Introduction

This report is concerned with processing the fully polarized radar return
of a target in order to gain more information about the target. This work
has application to the area of radar target identification (RTI). Presently
the capabilities of most operational aircraft radar systems are limited to the
detection of an aircraft and the determination of its position and velocity. It
is always desirable to gain more information about unknown aircraft. One
method is to identify an aircraft by detecting its jet engine modulation
(JEM) line signatures; however, this technique yields information limited
to engine structure. More information about the physical structure of the
entire aircraft including its size, layout, and armaments is needed. To this
end many ways of processing stepped frequency radar measurements have
been developed [1]-(8] in order to determine physical information about the
aircraft target such as overall length.

To arrive at the goal of determining such information, this report con-
siders a method for modeling of radar target signatures from a set of full

polarization stepped frequency measurements of the target. The target
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Figure 1.1: The Automatic Target Recognition Problem

signature is modeled using an exponential model, which characterizes the
target as a set of attributed scattering centers. This modeling step has
application in automatic target recognition (ATR).

A block diagram of an ATR system is shown in Figure 1.1. During the
design stage, data from a set of known targets or target classes is used in
a training step to arrive at a set of feature vectors 6;, where each vector
describes a target class. This catalog of feature vectors is stored for use
in classification. In the operation stage, data of an unknown target is
measured and undergoes a signal processing operation. The output of the
signal processing operation is an estimated feature vector  of the unknown
target. This estimate is compared to the catalog, and the “closest” match

is found to identify the target.

Target
Selected




The signal processing operation has a major impact on the performance
of the system and is the focus of this report. One desires a feature vector
0 which is small in dimension (to keep the computational requirements
of the classifier at a modest level), but at the same time has little or no
information loss as compared to the original measurements. In addition,
the features in § should be robust to effects of noise, clutter, and target
orientation.

One method of ATR is to directly use the stepped frequency measure-
ments as a feature vector, and to apply parametric or non-parametric pat-
tern recognition techniques to this feature vector [1,3,4]. However, working
directly in the frequency domain can have disadvantages. For example, in
a wideband radar system, many frequencies may be used, so the length
of the feature vector may be prohibitively large, making the classification
procedure computationally intensive.

In this report, the approach taken is to estimate a time (range) do-
main feature vector which describes the target. In particular, the target is
characterized by a set of scattering centers. This idea has been used for
some time for single polarization measurements. The approach is to locate
scattering centers either by taking the Fast Fourier Transform (FFT) of
the frequency measurements and locating the peaks [2] or to use paramet-
ric models, such as autoregressive or autoregressive moving average models
to parameterize the peak response profile {2,6,7]. The advantages of time
domain characterizations are that the target can be modeled as a rela-

tively small number of scattering centers, thus reducing the dimension of




the feature vector, and that these scattering centers have a direct physical
interpretation.

The work by Chamberlain [8,9] presents a new way to examine full po-
larization data which provides a more complete description of a target’s
interaction with an incident radar wave. This work introduced the idea of
a Transient Polarization Response (TPR), the backscattered response of a
target illuminated with an impulse of circularly polarized radiation. The
idea is that as the circularly polarized electromagnetic pulse strikes each
scatterer on the target, the scatterer interacts with the pulse and sends a
reflected wave back with a polarization which is determined by the configu-
ration of that scatterer. The leading edge of a wing, for example, could be
expected to return a horizontally polarized wave if it were illuminated from
a nose-on aspect angle with no roll. This type of analysis provides a more
complete and descriptive representation of the target than can be obtained
from a single polarization signature. Not only are scattering centers and
their energies determined, but also their polarization effects on a circularly
polarized incident wave, which are in general elliptical. In reality a target
is not a finite sum of discrete scattering centers but rather has a continuous
TPR; thus, the TPR is examined where it has high energy content, and
a scattering center (along with its polarization ellipse) is assigned to that
point in the down range.

Chamberlain has developed FFT-based techniques for extracting scat-
tering centers and their clliptical polarization returns [8]. This report ex-
tends his work to parametric modeling, which provides a higher resolution

and a reduced set of data with which to identify a target. This offers some




advantages over the non-parametric technique in [8]. First, scattering cen-
ter ranges and polarization ellipses are directly estimated. This eliminates
the need for » knowledge-based scattering center extraction step used in
the FFT-processing methods. Second, the parametric technigne is capable
of higher resolution than the FFT-based method, and can resolve closely
spaced scattering mechanisms which the FFT-based methods cannot re-
solve. This latter point is especially important for low frequency radar
applications and in high fidelity applications such as scattering analysis
of objects where one wishes, for example, to separate a direct scattering
component from a creeping wave component.

An outline of this report is as follows. In Chapter 2 the full polariza-
tion, exponential data model is introduced along with a procedure with
which to find ranges and polarization ellipses from the model parameters.
Chapter 3 presents an algorithm with which to find the parameters of the
model. Chapter 4 presents simulation results from a simulated model, a
simplified aircraft model, and scale models of real aircraft. Finally, Chap-

ter 5 concludes the report.




Chapter 2

The Exponential Parametric
Model of Target Signatures

Radar systems are typically designed to transmit horizontally and vertically
polarized radiation and receive the horizontally and vertically polarized
radar scattering coefficients at stepped frequencies in a certain bandwidth:
3un(f)s sun(f) = sho(f), and sy,(f) (see [3] for an explanation).

It is well known that the inverse Fourier Transform of these data gives
a time or down range impulse response of the target [2]. The Fast Fourier
Transform is often used to compute the impulse response from the scatter-
ing data. The frequency spacing and total bandwidth of the data control
the resolution and range extent of the impulse response. Each of the var-
ious returns can be transformed from the frequency domain to the time
(range) domain to provide down range information about a target. Various
scattering mechanisms will affect the various returns appropriately in the
frequency domain measurements and appear as impulsive responses in the
range domain. These down range profiles can be arrived at via various FFT

and parametric techniques. If these returns are coherent, then scattering
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mechanisms will appear in one or more polarization returns and cause im-
pulsive responses at the same range in the range domain. In this way the
sets of data can be used together to identify scattering centers.

The full polarization model to be introduced uses the sets of data to-
gether not only to determine the ranges of scatterers, but also to determine
the polarization of a return by each scatterer upon incidence of a circularly
polarized wave. Thus, this type of analysis requires data which is circularly
transmitted and horizontally and vertically received, s4(f) and s,,(f). Left
circular has been arbitrarily chosen since, on a macroscopic level, a target’s
features appear the same to both left and right circularly polarized trans-
mit fields. Since what available data is horizontal and vertical transmit and
receive, sy(f) and s,(f) are found using the following transformation (8]:

AR bRl [ HE

7

The horizontal and vertical radar return from a target illuminated with
stepped frequency circularly polarized radiation can each be modeled a sum
of complex exponentials [6,7]. The scattering points of the target are thus
the poles of these exponential models, and amplitudes associated with each
pole represent the scatterer’s horizontal and vertical return.

As mentioned before, one approach to multi-polarized signal analysis is
to use exponential modeling on the horizontally and the vertically polar-
ized received data independently. This model can then be used to identify
the target [2,6,7]. However, it is reasonable to assume that for circularly

polarized transmitted waves, if a scattering center appears in the horizontal

return, then it is also present in the vertical return. Thus, when estimating




the scatterers of the model, both the horizontal and vertical information can
be used simultaneously to estimate the ranges of the scattering centers. The
target’s horizontal and vertical impulse response to left circularly polarized
radiation can be modeled as a function of range (time) r as follows [7]:

M
[ e } - k{:l [ :h: ] e-fz"/l" e (22)
where R is the maximum unambiguous range which is given by

C

R:2Af'

(2.3)

The inverse Fourier transform of equation (2.2) leads to the following
frequency domain model for the radar return signals at N frequency mea-

surements:

[Shl(f)}zil:[ahk]p{: f=1,...,N. (2.4)

svl( f) k=1 Ayl

Here, it is assumed that there are M scattering centers. Each p; is a
scattering center pole; its angle corresponds to the range of the scattering
center, and its magnitude corresponds to a frequency dependent return from
the scatterer. Each ap: is the horizontal amplitude associated with that
pole, and a,; is the vertical amplitude associated with the same pole. For
an ideal point scatterer, |p,| = 1, but for more realistic targets it is useful to
assume that the scattering will be attenuated slightly as frequency either
increases or decreases, thus |pi| will vary a little bit around one. These
scattering centers cause peaks in the TPR (a time domain response) which
correspond to the ranges (times) at which the incident wave is reflected.
From equation (2.2) it can be seen that this occurs at the angles at which

these poles are located and thus the ranges of these scattering centers are




related to the angles at which the poles are located; if /p, is the angle of
the kth pole, then the (relative) range of the scattering center is given by

Lpx
= R—-. 2.5
Tk 2 ( )

The fact that the angle of a pole can only be between 0 and 27 radians

corresponds to an unambiguous range R.

2.1 Determining Scattering Center Locations
and Polarizations

Once the model has been determined, the angle at which the poles appear
represent the down range location of each of the scatterers according to
equation (2.5). The horizontal and vertical amplitudes associated with
each pole contain the information about polarization characteristics of each
scattering center. These response polarizations are in general elliptical and,
along with the ranges of the scattering centers, can be used to identify the
target.

Now, from a;, a,;, and p;, for each scatterer i, its range r; and its
polarization in terms of tilt ;, ellipticity ¢;, and major axis 4; can be

determined. They are given by equation (2.5) and the following equations

(8,10]:
= —;— tan™! (tan (27;) cos (5;)) (2.6)
€ = %sin'1 (%121_1%;.’_‘))_) (2.7)

where
7; = tan™! (%) (2.8)




6,' = Aa,,; - Lah,- (29)
By = lan|, By = ayl. (2.10)
The above calculations lead to use of only one fourth of the Poincare

polarization sphere. To avoid this ambiguity, the following alterations to

the tilt need to be made [8]:
™ .
=7+ ) if v>~ (2.11)

=T +g if ;< -I— and 7; < 0. (2.12)

To determine the length of the major axis, A;, the ellipse can be rotated

by its tilt 7; so that the ellipse axes align with the horizontal and vertical

axes as follows [8]:
Ey; | _ | cos(ri) sin(m) E;
[ Ey; ] B [ —sin(r;) cos(r;) | | Ened |- (2.13)
And thus the major axis is given by
A = |Ey]. (2.14)

This set of parameters {r;, 7;,€;, A;;1 = 1,..., M} now provides a concise
description of the target. This parameter set characterizes a target as a set
of M scattering centers, each one described by its range and a polarization
ellipse of the scattered energy. The ranges of a target’s scatterers and their
respective polarization characteristics can then be used as features in a

target recognition system.
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Chapter 3

Estimating The Exponential
Parametric Model From Data

This chapter presents an algorithm for estimating the model parameters in
equations (2.4)-(2.14) from scattering center data. A modification of the
algorithm to expand the target to fill a significant portion of the unambigu-
ous range R is also presented.

The algorithm consists of three steps. First, the poles are estimated
using linear prediction. Next, the amplitude terms are estimated using a
least squares technique. Finally, the amplitude terms are converted into
polarization ellipse parameters which describe the TPR of each scattering
center.

The first two steps involve estimating the poles and amplitudes of a
damped exponential model. This problem has been well-studied in the
time series analysis literature [11,12], and successful algorithms for single
polarization data have been developed [7]. The algorithm below represents

a generalization of the one in [7] for the full polarization data case.
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First, the poles are estimated using backward linear prediction coupled

with least squares [11,12,13]. The backward linear prediction equations can

be written as follows:

(1) sn(2) shi(3) su(L +1) ]
sh,(2) 8“(3) :
: : : 1
sa(N — L) su(N —-L+1) sn(N) b,
M.s,,l(l) " 3u(2) 3,1(3) 3.,;?114 +1) : =0 (3.1)
u(2) 3u(3) : by
| su(N = L) su(N-L+1) sul(N)
Sb=—s (3.2)

where L is the order of prediction, and b is the coefficient vector of the
polynomial B(z) given by

~

B(z)=1+bz7 4+ -+ bz L. (3.3)

Note that both the sp(f) and s,(f) sets of data are used simultaneously
to estimate a single set of prediction coefficients.
Ideally, L can be any integer greater than or equal to the model order M;
in practice, choosing L > M results in more accurate parameter estimates.
The solution of equation (3.1) involves forming the matrix [s : ], per-
forming a singular value decomposition (SVD) on it, then truncating all
but the first M singular values, to arrive at a noise cleaned estimate [5 : 5’]

(13]). Next, the linear prediction coefficient vector b is found as:

b= -5+ (3.4)

12




where the * denotes pseudoinverse. Finally, the estimated poles can be

determined as:
1

root; (é (2 ))

Since distinguishing scatterers result in peaky responses, those poles

~

pi = i=1,...,L. (3.5)

which do not lie within a given annular region about the unit circle can be
eliminated from the model. The following criterion has been found to work
well for radar data [7]:

1 N
A. 1. . '6
100 < |p,| < 100 (3 )

This criterion discards any scattering centers whose response energy differs
by more than 40 dB from the lowest to highest measured frequency. Only
those poles in equation (3.5) which satisfy equation (3.6) are kept.

Once these L' poles have been determined, the amplitude equations
for both the horizontal and vertical components can be formed. From

equation (2.4),

ﬁ} ﬁ},’ ap1 Ay "M(l) 5v‘(1)
: : P | = : : (3.7)
Y - BY J | 8 du sp(N) su(N)
or
P4 =8, (3.8)

The amplitudes can be found from a least squares solution to equation (3.8)

-~

A= (P"P)' PHs,. (3.9)

Since only M singular values were kept, no more than M of these scat-

terers can be anything but noise. Therefore the L” scatterers with the

13




largest axis diagonal (energy) should be kept, where

L" = min{M,L'}. (3.10)

3.1 Expanding the Target to Fill the Unam-
biguous Range

In certain cases the spacing Af of the given frequency data is so small
that the unambiguous range given by equation (2.3) is large compared to
the size of the target. If this occurs, then details of the target can be lost
because the resolution is lower. To avoid this, the data can be decimated
by a factor d when a frequency spacing of dAf would be more appropriate
in order to make the target fill a significant portion of the unambiguous
range.

In the formation of [s : S] (see equation (3.2)) the data should be deci-
mated. Thus, equation (3.1) is replaced by

shl(l) Shl(l + d) e Jm(l + Ld) 1
sn(2) sn(2 + d) sn(2 + Ld)
: : : 1
s(N —Ld) sw(N-Ld+d) -  su(N) b |
su(1) su(l+d) e sa(l+Ld) || : | =9 GID)
301(2) 8v1(2 + d) .5,,((2 + Ld) 51,
i s‘,((N'— Ld) su(N ——.Ld +d) .- s.,;(.N)

Since the estimated poles from equation (3.11) have a decay rate d times

faster than the actual data requires, equation (3.6) becomes

1 N
—— n{ d
00 < Ipil 1 < 100. (3.12)

14




and equation (3.7) becomes

1 1 L.
Py - PL (17 ST 9 | SM(I) Sul(l)

: : co = S PR BT
ﬁ? ... 133 drr Gur s(N) su(N)

Any noisy response which occurred before or after the target in the
range domain could now be subject to foldover when this decimation is
performed. To avoid this problem the data should be filtered to eliminate
any extraneous noisy responses before they are folded over into the target ’s

response.
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Chapter 4

Simulation Results

This chapter presents results obtained by applying the exponential model-
ing algorithm to various sets of data. First, a simulated point scattering
model of data is used. Then, results of the algorithm as applied to compact
range measurements of a simplified aircraft model and scale models of real

aircraft are presented.

4.1 Simulated Point Scatterer Model

In this experiment, scattering data which corresponds to an ideal point
scatterer model of an aircraft as shown in Figure 4.1 was generated. This
model, proposed in 8], consists of four scattering centers at the nose, wing
tips, horizontal stabilizers, and tail. The ranges of the scattering centers are
at 0.00, 8.96, 14.9, and 15.2 cm down range with respect to the (reference)
nose as shown in Figure 4.1. The scattering response for the nose is circular
and is linear for the other three centers. The aircraft was rolled 10°, so, for
example, the wing scattering response is linearly polarized at a 10° angle.

The full polarization scattering matrix (8pa(f), Sho(f) = sun(f), and s, (f))

16




Figure 4.1: Ideal Model

for each frequency between 2 and 18 GHz in 50 MHz steps was generated
by summing up the responses for each scatterer as given in Table 4.1.

The horizontal and vertical scattering data was first converted to a left
circularly polarized transmit basis using equation (2.1). Then, the resulting
scattering data was applied to the exponential modeling algorithm using
L =10 with the following modification. In order to keep the unambiguous
range R near the target size, the frequency spacing between measurements
should be about 500 MHz, not 50 MHz. To obtain this frequency spacing,
the scattering data is decimated by a factor of d = 10 according to equa-
tion (3.11). The results of the modeling for M = 4 and for M = 3 are
summarized by Table 4.2 and are discussed below.

The results of the modeling for M = 4 are shown in Figure 4.2. The
range scale is in meters. It can be seen that the four scattering centers
are accurately estimated. Moreover, the amplitude and polarization of

each scattering center are also estimated very accurately. Note that the
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Table 4.1: 1deal Model Data Equations

{ th(f) 3hu(f)

Scatterer
L sun(f) su(f)
[
Nose (1) 0 ] e~ 34n7.38f[c
[ 2 o sin!'.’o"l ]
Wing co'isn 2(1)? ) s 10e-747183f/c
| 5 sin®(10°) |
2 o sin(20°) )
Stabilizer c(zfn (2})? ) L2 0 -74722.3f/c
5 sin®(10°) |
Tail sin?(10°) —4n(207) ] 3e-itn22.6f/c

2
5 cos?(10°) |

Table 4.2: Ideal Model Parameters

True Value M=4 Estimate M=3 Estimate
Scat. [t(0) | e(®) ] A [r(em) [#C) 1 éC) ] A [#Aem) [#°) | &) | A [ #(cm)
Nose - 45.0 | .707 | 7.38 | 119 | 45.0 | .707 | 7.38 | 100 | 44.1 | .7T18 | 7.38
Wing | 100 | 0.00 | 7.07 | 163 ] 100 | 000 | 707 | 163 | 10.1 | —0.04 | 7.10 | 16.3
Stab. | 10.0 | 0.00 | 1.41 | 22.3 } 100 [ 0.00 | 1.41 ] 223 | 131 8.13 | 240 | 225
Tail | 100 { 0.00 [ 2.12 | 22.6 | 100 { 0.00 | 2.12{ 22.6

18




horizontal stabilizer and tail are too close in range to be resolved by Fourier-
based methcds [8]; however, with the exponential modeling method these
two scattering centers can be resolved.

If M = 3 in the algorithm, then at most three scattering centers can be
identified, as is shown in Figure 4.3. The nose and wing scattering centers
are accurately estimated as before, and the tail-horizontal stabilizer region
is modeled as a single scattering center. Note that the polarization ellipse
of the tail region is estimated at 15.1 cm from the nose, which is what one
might expect for a combination of the two orthogonal linearly polarized re-
sponses. This plot shows that even when the number of scattering centers
in the data exceeds the number that can be modeled, the algorithm gener-
ates an estimate which combines closely spaced scattering centers into one
conglomerate scattering center. This is an important and desirable charac-
teristic of the algorithm, as radar targets often contain a large number of

scattering centers, not all of which can be individually estimated.
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Figure 4.3: Ideal Model Scatterers and Polarizations, M=3
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4.2 Simplified Aircraft Measurements

Next the exponential modeling procedure was applied to compact range
measurements of a simplified, configurable aircraft target 6 inches (15.24 cm)
in length. This target consists of a cylindrical fuselage (F) with removable
wings (W), horizontal stabilizers (S), and tail (T); its plan view appears in
Figure 4.4.

Compact range measurements of this model were taken with various
parts removed. These configurations are shown in Figure 4.5. Each mea-
surement set consists of full polarization measurements at frequencies be-
tween 2 and 18 GHz in 50 MHz steps from a nose-on aspect angle with no
roll. The data was decimated by a factor of d = 10 as in equation (3.11)
when applied to the exponential modeling algorithm. The model order was
chosen as 10 and the number of singular which were kept varied from 3 to
7 depending on the complexity of the target. The values of L and M were
arrived at in each case by experimentation. Several simulations were run
for various values of L and M and, by observation, a medium was found
between missing significant scatterers and allowing smaller spurious ones to
appear. By comparing each target silhouette and its plan view with its cor-
responding estimated response, one can note that the estimated scattering
centers correspond well to target geometry.

Figures 4.6-4.13 show the estimated scattering responses for the various
configurations of the aircraft. Again, the range scale is in meters. By com-
paring each target silhouette in Figure 4.4 with its corresponding estimated

response, one can note that the estimated scattering centers correspond well
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to target geometry. From all these figures it can be seen that the nose scat-
tering is accurately estimated as a circularly polarized response. The two
scattering responses at the end of the fuselage-only configuration in Fig-
ure 4.6 correspond to the scattering from the end of the cylinder and the
creeping wave response which travels along the cylinder, along the disk at
the back end, and back toward the front (delayed by one-half the cylinder
diameter to account for the two-way propagation delay).

The two scatterers at the end of the fuselage-tail configuration in Fig-
ure 4.7 correspond to the leading and trailing edge of the tail. Note the

strong vertical polarization of the leading edge and the more circularly po-

22




— 4 i

F FW FS FWS

FT :; FWT FST FWST

Figure 4.5: Simple Targets

larized trailing edge response. The latter is probably due to a combination
of the tail trailing edge and the cylindrical trailing edge. Similar conclu-
sions can be seen in the fuselage-stabilizer estimate in Figure 4.8. Here
the leading edge of the stabilizers is seen as a strongly linear, horizontal
polarization response. The two tail responses correspond to the trailing
edge of the fuselage-cylinder and to the creeping wave response (delayed
by one-half the cylinder diameter to account for the two-way propagation
delay).

The fuselage-stabilizer-tail configuration in Figure 4.9 has a scatterer
corresponding to the leading and trailing edges of the stabilizer and tail,
along with a response due to a creeping wave along their edges. Note that
the height and width of the rear polarizations are at a ratio of
1 : 2 which agrees with the fact that the stabilizer is twice as long as

the tail. The reason why the ellipses are much larger in this response
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than in the others is not known at this time. In a dB sense they are not
that much larger than the others anyway.

The fuselage-wing configuration result in Figure 4.10 clearly shows the
circular nose response, a small horizontal scattering term at the leading
corners of the wing, and a horizontal term at the trailing tips of the wing.
Next there is a small horizontally polarized scattering term which may be
caused by a creeping wave response. The final scattering center corresponds
to the trailing edge of the fuselage. This response is more vertically polar-
ized than the response in Figure 4.6 (from the geometry one would expect
it to be circularly polarized). The vertical polarization may result because
most of the horizontally polarized signal was reflected by the wing, leaving
mostly vertically polarized energy to be incident on the cylinder trailing
edge. Neither the addition of the tail in Figure 4.11 nor the stabilizer in
Figure 4.12 nor both in Figure 4.13 affect the locations of scattering centers,
but they do alter the polarizations of the rear scatterers.

The more complicated configurations in general correspond less to the
target geometry towards the rear of the target. However, the primary
scattering centers for the more complicated target configurations are still
well-estimated. The polarization of these scattering centers correspond less
well to the target geometry than for simpler configurations, especially near
the tail of the target. In all cases, though, the primary scattering centers

are accurately located.
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4.3 Scale Model Aircraft Measurements

In this section, the results of modeling scale models of five commercial air-
craft (the Boeing 707, 727, 747, and DC10 and the Concord) are presented.
These models measure from 23 to 43 c¢cm in length. Eighty measurements
3hn(f), 8on(F) = sno(f), and s,,(f) on the scale models are taken for fre-
quencies between 6.45 and 10.4 GHz in 50 MHz steps from a nose-on aspect
angle with no roll. The models are scaled between 130 and 200 so these
results correspond to measurements in the HF band (30 to 90 MHz) for the
full sized aircraft. To achieve an unambiguous range of 75 cm, the data
was decimated by a factor of d = 4 as in equation (3.11) in the estimation
procedure. A model order 10 was chosen with 5 singular values kept for all
the following simulations of the model aircraft (they were chosen through
experimentation as with the simplified aircraft). Figure 4.14 shows the
plan views of each aircraft. Figure 4.15 shows the five aircraft silhouettes
in the same scale as the estimation figures which follow. Figures 4.16-4.20
show the estimated responses for each aircraft with no noise. By comparing
each target silhouette and its plan view with its corresponding estimated
response, one can note that the estimated scattering centers correspond
well to target geometry. Specifically, the nose, cockpit cavity, leading edge
of wings, and engine inlets are all located for most of the models. Because
of the calibration procedure used, the zero reference point is not known ex-
actly; thus, the target could be positioned slightly differently than shown.
Also, the electromagnetic mechanism of the scattering centers is not pre-

cisely known, and thus, the exact point in an engine inlet, for example, at
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which the scattering occurs is also not known. These may account for some
of the errors in the range estimates of scatterers and the ranges depicted in
the plan views.

To examine the effects of noise on the estimate, Figures 4.21-4.35 show
results of each aircraft model in 10, 5, and 0 dB SNR, respectively. In each
case, independent white noise was added to each term of the scattering
matrix (in left circular coordinates). Five different estimates obtained from
five different noise realizations are shown overlapped in these figures. Two
plots of each estimate is shown. The first is the polarization ellipse versus
range plot as shown earlier. The second plot shows the magnitude of each
ellipse (i.e., the hypotenuse between the major and minor axes) versus
range. This plot can be viewed as a projection of the first plot. In the
second plot, the tilt angle and ellipticity of the polarization is lost in the
projection.

From these figures it can be seen that at 10 dB SNR the estimates
show little deviation from the noiseless estimate (compare Figure 4.30 with
Figure 4.19, for example). As the SNR is reduced to 0 dB, the major
scattering centers are still estimated; however, the accuracy of the range,
amplitude, ellipticity, and tilt decreases somewhat (as is expected). Some
spurious estimates are seen but these have small magnitudes compared
to the actual scattering center magnitudes. The results for each plane are
comparable—the 707 and Concord estimates show a little less sensitivity to
noise than do the 727 and DC10 estimates. The 747 polarization estimates
are quite sensitive, but its range estimates are as robust as any of the other

aircraft.
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4.4 Summary of Simulation Results

The simulation results demonstrate that this estimation procedure produces
target signatures which are unique, identifiable, and appropriate represen-
tations of the target. They also show that it still provides good results in
the presence of noise, particularly in finding the range of a scatterer. This
is due to the fact that both sets of data, sy(f) and s,/(f), are used to deter-
mine the poles of the model. Even at 0 dB SNR the scattering centers are
quite distinguishable, particularly in the hypotenuse plots. The polariza-
tion ellipse for each scatterer, however, is not as robust since its components
are each derived from half of the data separately. Still, the scatterer center
location may make identification of the target possible in these high noise
situations. The scatterers also appear at down range locations which cor-
respond with features of the planes such as wings, engine inlets, etc., which

gives physical significance to the model and helps to motivate its use.




Chapter 5

Conclusions

This report has presented a method of processing full polarization, stepped
frequency measurements of a target. The target is modeled based on the
Transient Polarization Response concept introduced in [8]. A parametric
model which describes the target as a set of scattering centers is developeéi.
Each scattering center is characterized by a polarization ellipse, which corre-
sponds to the backscattered polarization ellipse from a circularly polarized
incident wave. An estimation procedure which directly estimates the para-
meters of this model is then developed. Simulation results are presented for
both synthetic data and compact range measurements of aircraft. Results
of this algorithm applied to these data verify that it is capable of identifying
scattering mechanisms of the target, and that the estimated polarization
ellipse of each scattering center correlates well with the geometry of the
target. The signatures of various aircraft are seen to show such features as
wings, engine inlets, cockpit cavity, and tail. Tests using noisy data shows

that dominant scattering is well estimated even at 0 dB SNR.
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5.1 Future Work

Although this procedure has provided promising initial results, more re-
search needs to be done. A better understanding of how scattering centers
interact with incident waves would be helpful in providing a mathematical
analysis of the various scattering centers which appear in the model esti-
mates. This would involve an understanding of the electromagnetic theory
behind the scattering mechanisms. The robustness of the algorithm with
respect to small changes in aspect angle also needs to be examined so that
when a target’s aspect is known only to within a certain degree and there
are a finite number of aspects in the catalog a proper comparison can still
be made. This obviously brings up the point that an effective way of com-
paring a target’s model estimate to a catalog needs to be found so that it
can be properly identified, which is, of course, the end goal. The model
order and number of singular values to be kept are also areas for future

research. Their determination needs to be automated in some way.
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